This study estimates the short-and long-run effects of Information and Communication Technology (ICT) use and economic growth on electricity consumption using OECD panel data 
Introduction
Information and Communication Technologies (ICTs) have a wide array of effects on key global systems such as energy and economic systems (Moyer and Hughes, 2012) . The rapid use and expansion of these technologies have a number of economic consequences ranging from increasing productivity, boosting economic growth (Shahiduzzaman and Alam, 2014) to reducing corruption (Goel et al., 2012) . As a result the world is rapidly moving from offline to online. The United Nations Development Program (UNDP, 2001) acknowledged that the Internet improves market efficiency, creates economic opportunities, enhances productivity and promotes political participation. Because of its increasingly important role in human activities, United Nations (The United Nations, 2009) declared that access to the Internet is one of the basic human rights in the contemporary society. According to Greenpeace International report (2014) , the global online population will increase from 2.3 billion in 2012 to 3.6 billion in 2017.
The OECD governments are funding rollouts worth billions of dollars for further expansion of the ICT use (The OECD Internet Outlook, 2013) . ICT use especially the Internet use has been transforming the economies of the OECD countries since the last two decades (Zhang, 2013) .
ICT use especially the Internet use and the use of mobile cellular phone have been expanding in the OECD countries at a phenomenal speed. The trends of change in these variables (The World Bank, 2013) But all these expansions and the increasingly important role of ICT in the OECD economies are not expected to be without opportunity cost. The expansion of the ICTs has important environmental implications. As such, the studies investigating the energy impacts of ICTs have been profoundly researched in a macro framework (Sadorsky, 2012) . Although the rapid expansion of ICT usage is believed to improve productivity and energy efficiency, there is no consensus as yet on its effect on the environment. Some of the studies support the positive role of ICT in mitigating greenhouse gas emissions while others conclude that ICT use causes GHG emissions through the increased use of electricity which is one of the major sources of global CO2 emissions (Hamdi et al. 2014; Moyer and Hudges, 2012; IEA, 2006) . According to some estimates (The Greenpeace International, 2014), ICT industry is responsible for 2% of global CO2 emissions.
The OECD economies are characterized by the highest level of energy consumption in the world and electricity is one of the key sources of this huge energy supply (Shafiei and Salim, 2014) . The 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 same authors argue that 80% of the power generation in the region is still sourced from nonrenewable fossil fuels such as coal and gas in these countries. As a result, there has been a sharp increase in CO2 emissions. Nevertheless, the rapid expansion of ICT use in the region is likely to have significant energy impacts as ICT products and services cannot be operated without electricity. Since no work has so far investigated this impact before, this study is the first ever attempt to examine the short-and long-run effects of ICT use on electricity consumption in a panel of OECD countries.
The current study also includes economic growth as an independent variable in the study. The reason for including economic growth is that usually simple bivariate models may fail to appropriately capture empirical relationship between the series (Karanfil, 2009; Barleet and Gounder, 2010) . Also, since the mid-eighties and following the second oil shock, enormous literature investigating the relationship between economic growth and electricity consumption evolved (Hamdi et al. 2014) . Therefore, assessing the impact of economic growth on electricity consumption has been an important area that has drawn special attention in research since long.
Nevertheless, there is no recent literature investigating this relationship in the context of OECD countries. Thus, the inclusion of economic growth in our study is justified.
There are a number of expected contributions of this study to the existing energy, ICT and growth literature. First, it is believed that following Sadorsky (2012) , this is only the second study that involves panel data to investigate the empirical relationship between ICT use and electricity consumption. The rationale for using panel data instead of time series data is quite obvious. In panel data estimations, the existence of unobservable factors that potentially affect electricity consumption and are country specific can be acknowledged and taken into account in the estimation (Ravallion, 1995) . Panel data also allows one to control for unobserved time invariant country specific effects resulting from omitted variable bias (Hsiao, 1986) . Second, the most important contribution of the current study is that the ICT use-electricity consumption relationship is being investigated for the first time ever for the OECD countries which house majority of the data centers in the world as a consequence of rapid expansion of ICT use since the last two decades.
Third, although literature on the electricity-growth relationship is abundant, the economic growthled electricity consumption hypothesis has not yet been examined for this region. Fourth, the current study uses the most recent data for its investigation thus expecting to offer time-befitting policy-oriented discussion. Fifth, it also makes a methodological contribution by employing a sophisticated and a potentially suitable panel data econometric technique, the Pooled Mean Group Regression (PMG) that has never been used before in ICT and energy economics literature. The novelty of this technique is that it simultaneously estimates the short-and the long-run relationship between the concerned variables controlling for endogeneity and small sample bias and sixth, unlike other studies, the findings of the study are expected to provide important implications at a time for ICT policy, energy policy and growth policy for the region of investigation.
The rest of the paper is structured as follows: Section 2 discusses literature review, and methodology is presented in Section 3. Section 4 presents estimation results and finally the paper ends in Section 5 with conclusions and policy implications.
Literature Review

Energy impacts of ICT
ICT use may potentially impact the environmental basically in two different ways. First of all, during the production of IT products, a number of toxic and non-renewable resources such as lead and mercury are used which are very harmful and dangerous elements for the environment. Waste disposal from the electrical and electronic IT goods also contribute towards environmental pollution. Second, the widespread expansion of ICTs has caused dramatic rise in the demand for electricity over the last two decades. ICT related electricity consumption has increased significantly both in the workplaces and households (IEA, 2009) . The combined electricity consumption related to ICT equipments such as communication networks, personal computers and data centers is growing at a rate of nearly 7% per year (Heddeghem et al., 2014) . The relative share of these ICT products and services in the global electricity consumption has increased from about 3.9% in 2007 to 4.6% in 2012 (Heddeghem et al., 2014) . A recent development in ICT service, cloud computing which refers to as the interaction between telecommunications network and the data centers and involves the transfer of vast amount of data from the devices to the data centers require relatively higher level of electricity consumption.
According to a recent report of the Greenpeace International (2014), data centers will be the fastest growing part of IT sector energy footprint and its electricity demand is expected to rise by 81% by the year 2020. The aggregate electricity demand of the cloud was 684 billion kWh in 2011 and is forecasted to increase by 63% in 2020 (SMARTer2020 report). It also suggests that global carbon footprint of data centers and telecommunications networks would increase carbon emissions on average between 5% -7% each year up to 2020. But if energy efficiency could be achieved leading to energy saving gains, the positive effect of energy efficiency might outweigh the negative effect of increased electricity consumption.
The environmental implications of ICT use has not drawn any attention from researchers until the early 1990s. Since the early 1990s, researchers started focusing first of all on the energy impacts of ICT use. Ever since, such impacts have been extensively examined in macro studies. One strand of literature directly studied the direct impact of ICT equipment on electricity consumption not least in relation to standby electricity use.
Another strand of literature focuses on the environmental impacts of the application of ICT in various economic domains. Firstly, it emphasizes the role of ICT in improving the environment.
In the early 1990s, the potential of ICT to improve the environment was generally recognized. This followed profound researches in the area. Erdman and Hilty (2010) identify two 'green ICT waves' of empirical studies. The first one motivated by the rising Internet economy and the second one focused on the potentials of ICT in reducing GHG emissions. It is argued that ICT can play a significant role to mitigate global climate change through its ability to improve energy efficiency and reduce renewable energy costs (Moyer and Hughes, 2012) .
Ever since, it is believed that the Internet economy has the potential to fundamentally alter the historic relationship-allowing faster growth with less energy. Romm (2002) label this as the 'new energy economy'. Recently, scholars have attempted to combine ICT and sustainable development as they recognize these two factors to be closely intertwined. This perception eventually led to two recent concepts what are known as 'green ICT' and 'ICT for green'. ICT is said to be green when ICT sector itself can achieve environmental efficiency. ICT for green means when the use of ICT products and services can enhance the energy efficiency in other sectors. It is argued that green ICT can lead to sustainable development only when ICT themselves are green. ICTs are said to be green when they make eco-innovating contributions to ecological economics. According to Schumpeter (1934) , 'an eco-innovation is an innovation that is able to reduce environmental burdens and contributes to improving a situation according to given sustainable targets'. Despite tremendous potentials of ICT use in economies, its energy impact is mixed and no consensus has yet been realized.
ICT and electricity consumption
ICT-electricity consumption nexus is relatively an under-investigated area of research despite its potential implications for environmental sustainability. Most of the studies that have so far been conducted for developed economies are at the country level time series studies or at industry level cross-sectional studies (Sadorsky, 2012) .
Romm (2002) in a study on the US economy shows that the Internet does not cause increase in electricity demand rather it seems to enhance energy efficiency. Schefer et al. (2003) show that the share of total energy consumption of German mobile telephone sector is only 7% when it did not include electricity use for charging of the handsets. When charging of the handsets is accounted for, the share stands at 45%. Takasi and Murota (2004) examine the effects of ICT investment on energy consumption and CO2 emissions in Japan and USA. They find that ICT use boosts energy efficiency recommending energy conservation for Japan while for the USA, ICT investment is found to increase energy use. In arguably the first empirical exercise on the direct association between Internet usage and electricity consumption, Salahuddin and Alam (2015) examine the short-and long-run effects of the Internet usage and economic growth on electricity consumption using annual time series data for Australia for the period 1985-2012. The study finds that Internet usage and economic growth cause a rise in electricity consumption in the long-run. A unidirectional causality is observed running from Internet usage to economic growth and electricity consumption.
There is so far none but one panel study (Sadorsky, 2012) which estimated the empirical relationship between ICT investment and electricity consumption in emerging economies. Using a dynamic panel model, it employed the Generalized Methods of Moments (GMM) technique to investigate the link between the ICT and electricity consumption for a sample of emerging economies. The study found that ICT use increases electricity consumption in these countries. One limitation of homogeneous panel data approaches such as the GMM technique that was employed in this study is that it allows the intercept to differ while constraining all other parameters to be the same thus still imposing a high degree of homogeneity ignoring the potential cross-sectional heterogeneity in the panel. Such method of homogeneity has the potential risk of producing biased results. The current study overcomes this limitation by employing a panel estimation technique that allows for cross-country heterogeneity. Moyer and Hughes (2012) use International Futures (IFs) integrated assessment system to explore the dynamic impacts of ICT on economic and energy systems including its impact on carbon emissions. They argue that ICT has the potential to reduce overall carbon emissions across a 50-year time horizon. However, they further caution that the net effect might be limited. The study recommends that global carbon pricing should be in place with ICT expansion.
From the above discussion, it is evident that literature on ICT-electricity consumption nexus is very inadequate although this nexus has significant implications for the environmental sustainability of countries and regions. The available scanty literature mostly dealt with time series country level data. Since, ICT use has rapidly expanded in the OECD countries and that these countries are homes to the majority of the world's data centers (Farnandez-Montes et al. 2015) for the last two decades, environmental threats arising from this expansion cannot be ruled out. The current study is believed to be the first ever attempt to investigate the empirical link between ICT use and electricity consumption in the OECD countries within a dynamic panel framework.
Electricity consumption and economic growth
Literature investigating the relationship between electricity consumption and economic growth is enormous. Since the pioneering work of Kraft and Kraft (1978) that examined this relationship in the USA, plenty of literature in the area have emerged. Basically four main streams of literature evolved that investigated this relationship: (i) the electricity consumption-led growth hypothesis (growth hypothesis), (ii) the growth-led electricity consumption hypothesis (conservation hypothesis), ( iii) feedback hypothesis, and (iv) neutrality hypothesis.
Most of the empirical studies tested the growth hypothesis and supported its validity (Hamdi et al., 2014) . Literature testing conservation hypothesis dealt with both time series and panel data. growth to electricity consumption and a bi-directional long-run causality between the variables. Narayan and Prasad (2008) examined the causal effects between electricity consumption and real GDP for 30 OECD countries. They employ a bootstrapped causal testing method and find that electricity consumption causes real GDP in Australia, Iceland, Italy, the Slovak Republic, Korea, Portugal and the UK. For the rest of the countries, they conclude that electricity conservation policy will not affect real GDP. Narayan et al. (2010) investigate the long-run causality between electricity consumption and real GDP for seven panels consisting of a total of 93 countries. They conduct Canning and Pedroni long-run causality test for the first time in energy literature. They find long-run bi-directional causality for all panels except where only GDP Granger causes electricity consumption. There exist positive relationship between these variables in all the significant panels except in the then G6 countries which means that an increase in electricity consumption will reduce GDP. Acaravci and Ozturk (2010) examine the long-run relationship and causality issues for a panel of 15 transition economies. Their findings do not indicate any cointegrating relationship between electricity consumption and economic growth implying that policies aiming to reduce electricity consumption would have no effect on real GDP in these countries. Ozturk (2010) provides a comprehensive survey of the empirical studies on electricity-growth nexus up to the year 2009.
The survey highlights the methodologies used in these studies and focused on the conflicting results from these empirical exercises. The study concludes that application of new approaches and new methodologies would reduce the variation in results that will eventually lead to sound and consistent policy discussions. Yoo and Kwak (2010) From the above review, it is evident that electricity consumption and economic growth relationship has important implications for energy policy. Despite this importance, such studies involving the OECD countries is almost absent. Only one study (Narayan and Prasad, 2008) attempted to address this issue for the region so far. However, their study analyzed data up to the period of 2002 and as such, the findings of this work has little policy relevance in the present context. This study is expected to fill this gap by using the most recently available dataset (up to 2012).
Methods
Data
A dynamic panel dataset is constructed with 26 OECD countries. We deal with an unbalanced panel as some of the data for some countries are missing. Electricity consumption per capita, real that the data for all the series are fairly dispersed around the mean. This allows us to proceed with the data for further estimation. 
Log-linearizing both sides of the equation, we obtain:
1/E lnE= β 0 + β 1 ICTINTERit + β 2 GDPPCit + Ɛ it -
-----------------------------------------------3
or, Ψ lnE= β 0 + β 1 ICTINTERit + β 2 GDPPCit + Ɛ it -----------------------------------------------4 When we measure the Internet with the number of mobile subscribers per 100 people, our model takes the form of:
The subscripts i, and t represent the country and time period, respectively.
Estimation procedures
The estimation of our model proceeds as follows: (i) a cross-sectional dependence (CD) test is conducted to assess the presence of cross-sectional dependence across the panel; (ii) as the presence of cross-sectional dependence is detected, an appropriate panel unit root test (i.e., CIPS)
is carried out to determine the stationarity properties of all the series; (iii) to see whether the variables have a cointegrating relationship between them, the Pedroni cointegration test is implemented and (iv) a PMG estimation is employed to estimate the short-run and long-run relationships among the variables.
Tests for cross sectional dependence and unit roots
It is extremely likely that there will be cross-sectional dependence among the OECD countries due to shocks such as global financial crisis or oil price shock, which affects all countries but with varying magnitude. To verify the existence of such dependence in the panel, the cross-sectional dependence (CD) test developed by Pesaran (2004) Having found the presence of cross-sectional dependence in the panel, an appropriate unit root test referred to as the cross-sectionally augmented IPS (CIPS) test was performed (Pesaran, 2007) . The test statistic provided by Pesaran (2007) is given by:
where
ti (N, T) is the t statistic of βi in equation (2). The critical values of CIPS (N, T) are available
in Table II (c) of Pesaran (2007) .
Panel cointegration test
The presence of the unit root in the series enforce us to conduct Pedroni test (1997 Pedroni test ( , 1999 which involves several panel cointegration tests for both models. Pedroni test is justified for this study as it controls for country size and heterogeneity allowing for multiple regressors (as in our case).
Pedroni (1997) Table 2 in Pedroni (1999) .
Pooled Mean Group Regression
One major weakness of the Pedroni tests is that these tests do not estimate the short-run relationship or the speed of adjustment of the short-run disequilibrium towards the long-run equilibrium relationship (Murthy, 2007) . To overcome this limitation, this study employs the pooled mean group estimator (PMG) technique, which is expected to provide us the most consistent and efficient estimates for both models for our panel of OECD countries. The justification for employing this technique is that we expect electricity consumption in OECD countries to be affected by the longrun homogeneous conditions and for the short-run adjustment to depend on country-specific characteristics such as vulnerability to domestic and external shocks. Pesaran and Smith (1995) , Pesaran (1997) and show that PMG can render consistent and efficient estimates of the parameters in a long-run relationship even in case of mixed order of integration of variables. To eliminate the influence of the common factors, we allow for time-specific effects in the estimated regression. To comply with the requirements of standard estimation and inference, the long-run regression equations (equation 4 and equation 5) are incorporated into an ARDL (p, q) model. In error correction form, this can be written as follows:
where γ 
Dumetrescu -Hurlin (DH) causality test
Assessing the causal link between variables helps with a discussion of better policy implications of findings (Shahbaz et al., 2013) . Taking into cognizance this fact, the current study employs a recently introduced Dumetrescu -Hurlin (DH) causality test which has two advantages over the traditional Granger (1969) causality test. In addition to considering fixed coefficients like Granger causality test, the DH test considers two dimensions of heterogeneity: the heterogeneity of the regression model used to test the Granger causality and the heterogeneity of the causal relationship.
Empirical results and discussion
The CD test and unit root test results are demonstrated in Table 3 . The CD results demonstrate that there is cross-sectional dependence in all the series considered in our study. This kind of dependencies usually arise from the presence of multiple unobserved common shocks that different countries respond in different ways. There may be strong factors such as oil price shocks or the global financial crisis and weak factors like local spill-over effects that contribute to such error dependencies. The CIPS unit root results confirm that all the variables are first-difference stationary, i.e. I(1), even in the presence of cross-sectional dependence. Table 4B that the statistical values of six out of the seven tests are greater than the critical values (-1.64) which indicate that the null hypothesis of no cointegration is rejected. Nevertheless, among the seven test statistics, the group rho statistic has the best power (Gutierrez, 2003) , which is also greater than the critical value. Thus, it can be concluded that there is a long-run cointegrating relationship among the variables in model B. The presence of the cointegrating relationship between the variables in both models allow us to proceed with further investigation of the shortand the long-run relationship among them. There is also highly significant positive short-run and the long-run relationship between economic growth and electricity consumption in both models. The estimated long-run coefficient of economic growth rate (log of GDP per capita) is 0.25 in model A. This means that a 1% economic growth rate will cause .25% increase in per capita electricity consumption. The estimated coefficient of economic growth varies in model B from model A. The long-run coefficient of economic growth in model B is 0.130 which means a 1% growth rate will cause a 0.13% increase in per capita electricity consumption. This finding supports the argument that economic growth is always accompanied by increased demand for electricity use. This is quite expected as economic growth leads to increased economic activities and consumption for electronic appliances is expected to rise resulting in a rise in electricity consumption. Overall, these are expected findings as most of the empirical literature suggest that economic growth is accompanied by increase in domestic energy demand and in particular, electricity demand. and Internet use to electricity consumption and economic growth in the OECD countries. The findings of the current study in that both ICT use and economic growth stimulate electricity consumption in OECD countries in the short-and the long-run have important policy implications.
Conclusions and Policy Implications
The positive relationship between ICT use and electricity consumption suggest that OECD
countries are yet to achieve energy efficiency gains from ICT expansion although a target was set to achieve this goal by the year 2015 for those OECD countries which are also European countries (IEA, 2009 ). The unidirectional causal link from electricity consumption to economic growth imply that positive relationship between economic growth and electricity consumption imply that the OECD countries can not reduce electricity generation to combat pollution effects but rather, they need to pursue policies that will improve electricity generation efficiency which will have no adverse effect on their economic growth. To achieve this, they need to focus on energy savings gains from ICT based electricity efficiency strategy. If the energy efficiency gains from ICT use could be achieved, it is likely to further promote the expansion of the ICT use in the region as this will reduce the cost of using ICT products and services which is further expected to play an important role in reducing digital divide both within and between the OECD countries.
This study also recommends that the OECD countries should further expand Carbon Capture and Storage (CCS) facilities as this appears to be an effective method to combat CO2 emissions in the region. Also, the governments might invite the private entrepreneurs and build public-private partnership (PPP) that might play a significant role in boosting investment funds for CCS plants in the region. Integration of CCS in GHG policies also appears to be important.
Boosting nuclear energy may be another potential option for the OECD countries for power generation. Usually nuclear energy plants involve huge investment and the benefits are likely to be due only in the very long-run. Since most of the OECD economies are generally characterized by stable economies, large scale investment in nuclear energy is not very challenging for them.
Apart from strengthening the above mentioned measures which are already in place in most of the OECD countries, the Governments of these countries need to pursue energy policy that is directed towards encouraging investment to find innovative ways to make ICT products, networks and especially data centers that involve the highest level of electricity consumption among ICT products and services, more energy efficient. The data centers that exceed the requirement of certain level of electricity consumption may be monitored and regulated through appropriate means.
Also, the Governments of OECD countries need to focus more on and gradually implement two methods as advocated by the International Energy Association (IEA, 2009) . That is, they need to gradually switch to more efficient technologies that represent the shortest life cycle of ICT products and the best available technologies that imply better use of equipments and components which ensure the use of power by ICT products only when it is needed. These can be achieved by reinforcing policy that would encourage data centers to continue with their energy-saving measure of turning on/off a large number of machines that operate within these data centers. A recent study (Fernandez-Montes et al. 2015) concludes that energy savings from shutting on/off policy in data centers outweigh the costs involved therein.
The study further recommends that OECD countries promote green IT and IT for green that have the potential to substantially reduce CO2 emissions through eco-efficiency and eco-design processes (Jenkin et al. 2011) . Also the policy makers in these countries must not rule out the potential that electricity sector itself provides substantial opportunities for reducing emissions if measures such as fuel switching and generation efficiency improvement initiatives are taken (Ang et al. 2011) . Finally, an effective coordination among ICT policy, energy policy and growth policy is vital to address the climate change issue in the region.
Despite important and significant findings, this study suffers from a number of limitations. First of all, six of the OECD countries had to be dropped from the study due to a lack of availability of data. Thus, one should be cautious about the generalizability of our findings to the whole OECD region. Second, although the sample period covered in this study is sufficient for the application of the PMG technique, a larger sample period would have offered more reliable findings.
Nevertheless, the PMG technique imposes long-run homogeneity of the parameters across the panel (as the study considers only OECD countries), but in the real world some possibly substantial degree of cross-country heterogeneity may still exist in the long-run. Also, the findings are not expected to be invariant across different econometric methodologies. Also, with the expansion of ICT use and especially with the massive roll out of the Internet infrastructure in almost all OECD countries, the electricity demand will rise as evident from the findings of this study. The increasing demand for electricity and subsequently its increasing consumption is likely to raise the level of CO2 emissions. Therefore, assessing the direct impact of the Internet usage on CO2 emissions in the region, could be a potential topic for further investigation. This is left for future research.
